Objective: To analyze headache patterns prior to and following treatment of unruptured intracranial aneurysms and identify factors associated with different headache outcomes. Methods: A prospective observational study of patients being treated for unruptured intracranial aneurysms. Headache patterns were established prior to aneurysm treatment and for 6 months following treatment. Factors associated with different headache outcomes were investigated. Results: In all patients (n ¼ 44), 90-day headache frequency decreased from an average of 31 days prior to aneurysm treatment to 17 days following treatment (p < 0.001). In patients with active pretreatment headaches (n ¼ 28), 90-day headache frequency decreased from 49 days to 26 days (p ¼ 0.002). Headache frequency was reduced in 68% of patients, while 9% of patients had new or worsened headaches following aneurysm treatment. Pretreatment migraine, more severe pretreatment headaches, higher pretreatment trait anxiety, and stent-assisted aneurysm coiling were associated with a lack of headache improvement. Conclusions: The majority of patients with headaches at the time of aneurysm treatment had reductions in headache frequency during the 6 months following treatment. Potential risk factors for poor headache outcomes were identified but need to be studied further.
Introduction
Intracranial aneurysms are common, present in approximately 3-6% of the population over the age of 30 (1) . Headaches are a frequent symptom in patients with cerebral aneurysms, often leading to the aneurysm diagnosis. Headaches are the presenting symptom of unruptured intracranial aneurysms in approximately one-third of cases (2) . Following treatment of intracranial aneurysms, there may be a change in headache patterns, with some patients improving, some worsening, and others having the onset of new headaches (3) . To date, there are few data regarding headache patterns after treatment of unruptured intracranial aneurysms (3, 4) .
Although the nature of the association between headaches and unruptured intracranial aneurysms is not defined, when headache is a symptom leading to the diagnosis of an aneurysm, patients and their physicians may believe that the aneurysm is causing headache. Thus, patients often expect improvements in their headaches following aneurysm treatment. Our clinical experience and a previously conducted retrospective analysis led us to hypothesize that although many patients do improve after aneurysm treatment, others have no appreciable change in headache patterns, while others have worsening or new onset of headaches (5) . In our specialty headache clinic, we have found that patients with new or worsening headaches following aneurysm treatment are often severely disabled from these headaches and are typically difficult to treat effectively. We hypothesized that these new and worsening headaches are incited by the aneurysm treatment, and that the development of central sensitization may contribute to the persistence of these headaches.
The aim of this study was to prospectively investigate headache patterns before and following aneurysm treatment in order to assess headache outcomes following the treatment. To improve the ability to predict headache outcomes after aneurysm treatment, we aimed to identify patient characteristics, pretreatment headache patterns, aneurysm characteristics, and aneurysm treatments associated with headache improvement. To test our hypothesis that central sensitization contributes to the persistence of new and worsening headaches following aneurysm treatment, patients were assessed for symptoms of cutaneous allodynia and their cutaneous pain thresholds were measured.
Methods
Following Washington University Institutional Review Board approval, adult patients with planned treatments for unruptured intracranial aneurysms (coiling, clipping, liquid embolic agent) at Washington University were offered enrollment into this prospective study conducted between 2007 and 2009. After completing the informed consent process, all enrolled patients were interviewed and completed baseline assessments prior to the aneurysm intervention. Collected pretreatment data included patient age and sex, medical history, medications used, aneurysm size and location, symptoms leading to aneurysm diagnosis, symptoms of depression via the Beck Depression Inventory (BDI), symptoms of anxiety via the State-Trait Anxiety Inventory (STAI), symptoms of allodynia via the Allodynia Symptom Checklist (ASC-12), and headache-related disability using the Migraine Disability Assessment Score (MIDAS) (6) (7) (8) (9) . When patients had a history of headaches, they provided information on headache quality, severity, frequency, and associated symptoms. Patients with a history of headaches were assigned a headache diagnosis according to the International Classification of Headache Disorders II (ICHD-II) criteria (10). Patients were then asked to repeat assessments at 1, 3 and 6 months following the aneurysm treatment. At each assessment patients provided information regarding their headache characteristics and medication use, and they completed the BDI, MIDAS, STAI and ASC-12. Headache frequency and severity were determined at each time point via MIDAS responses. All patients were asked to present to our institution for quantitative sensory testing (QST) prior to aneurysm treatment and 1, 3 and 6 months following aneurysm treatment. Patients who were not able to present to our institution for this testing were asked to participate in the rest of the study.
QST was performed to determine heat, cold and mechanical pain thresholds. Patients were given verbal instructions prior to each QST testing session using a standard written script. Each patient underwent testing at the right and left forehead. Thermal testing was performed using the Medoc Pathway platform with a 30 mm Â 30 mm thermode. The thermode was applied to the skin and fastened with a Velcro strap. The method of limits was used for testing. The thermode started at a baseline temperature of 32 C. Depending upon the modality being tested (heat or cold), thermode temperature increased or decreased by 1 C/second. The patient pressed a button on the response unit when the pain threshold being tested (heat pain, cold pain) was reached. The heating or cooling process stopped immediately and the thermode returned to the baseline temperature. This test was performed three times for each modality in each body location. The mean of the three trials for each modality in each body location was the thermal pain threshold. 'Thermal pain threshold' was defined as the first instant that the stimulus felt painful. Following thermal testing, pressure pain threshold at the right and left forehead was tested using a set of 20 calibrated von Frey filaments (Bioseb, Vitrolles, France). In an ascending pattern of increasing tensile strength, each filament was applied three times until the patient reported pain on two of three applications. Each filament was held in place for 2 seconds. 'Pressure pain threshold' was defined as the lowest force that resulted in pain on two of three applications.
Statistical analyses were performed using SPSS version 18.0. Descriptive statistics were used to describe patient demographics, headache histories and aneurysm characteristics. Primary analyses used paired two-tailed t-tests or Wilcoxon signed-rank tests to determine change in mean headache frequency and severity pre-and post-aneurysm treatment (pretreatment vs. last follow-up). One-way ANOVA with Dunnett t-tests were used to compare 3-month and 6-month headache frequency to pretreatment headache frequency. For all analyses, p-values of <0.05 were considered significant. The proportions of patients with active pretreatment headaches who improved and who worsened were calculated. A patient was considered to have an active headache disorder at baseline if they had at least 3 headache days in the 90 days preceding aneurysm treatment. Improvement was defined as at least a 50% reduction in monthly headache frequency at the time of last follow-up. Worsening was defined as at least a 50% increase in monthly headache frequency at the time of last follow-up. ASC-12, MIDAS, BDI and STAI scores pretreatment vs. post-treatment (time of last follow-up) were compared using paired t-tests or Wilcoxon signedrank tests as appropriate.
Characteristics of patients with headache improvement following treatment were compared to those with no improvement/worsening headaches/new headaches following treatment using unpaired two-tailed t-tests, independent samples Mann-Whitney U tests, or Pearson's chi-square tests as appropriate. Univariate comparisons included age, sex, pretreatment migraine, pretreatment chronic migraine, pretreatment chronic daily headache of any subtype, pretreatment headache frequency, pretreatment headache severity, aneurysm location (posterior circulation vs. anterior circulation), type of aneurysm treatment (coiling, clipping, stentassisted coiling), and pretreatment scores on MIDAS, BDI, STAI and ASC-12.
ASC-12 scores and pain thresholds pretreatment and post-treatment were compared among all patients who had QST as well as among those patients with headaches who had QST. Pain thresholds were averaged across right and left forehead. Group comparisons were made using two-tailed paired t-tests or Wilcoxon signed-rank tests as appropriate.
Results
Patient enrollment is summarized in Figure 1 ; a total of 57 patients were enrolled into this study. Post-procedure data were not attainable from 13 of these patients. Thus, pretreatment and post-treatment data were available from 44 patients.
Of the 44 patients with follow-up, 37 were female and 7 were male. Median age was 57 years (mean 58 years, range 36-86 years). Risk factors for intracranial aneurysms were present in 31 patients: 26 patients reported a diagnosis of hypertension, 16 hypercholesterolemia, and 7 had a disorder likely secondary to atherosclerosis (myocardial infarction in 4, coronary artery disease in 2, transient ischemic attack in 1) (11) . Thirty-seven had a history of headaches that were either active or inactive at the time of enrollment. ICHD-II headache diagnoses included: 11 episodic tension-type headache, 8 chronic tension-type headache, 8 episodic migraine, 6 chronic migraine, 2 occipital neuralgia, 1 post-traumatic headache, and 1 primary stabbing headache. Twenty-eight had active headaches at the time of aneurysm treatment. This included 8 with chronic tension-type headache, 6 with chronic migraine, 5 with episodic tension-type headache, 5 with episodic migraine, 2 with occipital neuralgia, 1 with post-traumatic headache, and 1 with primary stabbing headache. In addition, 4 patients were classified as having ''headache attributed to saccular aneurysm'' according to ICHD-II criteria (10). Presenting symptoms that led to a diagnosis of an unruptured aneurysm included: headache (n ¼ 26), visual symptoms (n ¼ 15), asymptomatic (e.g. s/p head trauma, evaluation for parotid gland cysts, screening exam) (n ¼ 6), dizziness (n ¼ 5), auditory symptoms (e.g. tinnitus, hearing loss) (n ¼ 3), sensory loss (n ¼ 3), memory loss (n ¼ 3), weakness (n ¼ 2) and seizure (n ¼ 1). Many patients had more than one symptom leading to aneurysm diagnosis. Nine patients had headache as an isolated presenting symptom. Thirtytwo patients had aneurysms located in the anterior circulation and 13 had aneurysms in the posterior circulation. One patient had aneurysms in both the anterior and posterior circulation. Thirty-eight patients underwent aneurysm coiling, 5 underwent clipping, and 3 had liquid embolic agent infusion (2 also had coils placed). Nine patients had stent-assisted coiling. Among all patients, headache frequency declined from 31 days with headache per 90 days prior to aneurysm treatment to 17 days per 90 days at the time of last follow-up (p < 0.001). There was a continued decline in 90-day headache frequency from pretreatment to 6 months following treatment: pretreatment 31 days, 3 months 19 days (3 months vs. pretreatment p ¼ 0.12), and 6 months 13 days (6 months vs. pretreatment p ¼ 0.02) ( Figure 2 ). There was no change in headache severity, averaging 4/10 both pretreatment and post-treatment.
Among patients with active headaches prior to aneurysm treatment, mean headache frequency declined from 49 days per 90 days prior to treatment to 26 headache days per 90 days at the time of last follow-up after aneurysm treatment (p < 0.01). There was a continued decline in 90-day headache frequency within the 6 months of follow-up: pretreatment 49 days, 3 months 30 days (3 months vs. pretreatment p ¼ 0.08), and 6 months 24 days (6 months vs. pretreatment p ¼ 0.03) ( Figure 2 ). Headache frequency was substantially reduced (!50% reduction) in 19 of 28 patients (68%), unchanged in 6 (21%), and substantially increased (!50% increase) in 3 (11%). There was no change in headache severity, averaging 5/10 both pretreatment and post-treatment.
All 4 patients with headaches meeting diagnostic criteria for headache attributed to saccular aneurysm (new acute headaches which resolved within 72 hours) also had recurrent headaches which were likely attributable to primary headache disorders (1 episodic migraine, 1 chronic migraine, 1 episodic tension-type headache, 1 chronic tension-type headache). Each of these patients reported that their acute-onset headache was substantially different from their usual recurrent headaches. Thus, we presume that these patients had primary headache disorders and then had a superimposed acute-onset headache which was attributable to their unruptured aneurysm. At the time of last followup after aneurysm treatment, 2 of these patients had significant improvement in headache frequency (1 patient with episodic migraine and 1 with episodic tension-type headache), while 2 had no significant change in headache frequency (1 patient with chronic migraine and 1 with chronic tension-type headache). Headache frequency, headache severity, ASC-12 scores, MIDAS scores, BDI scores, and anxiety scores pre-and post-aneurysm treatment are shown in Table 1 . Among all patients, there were significant reductions in headache frequency, symptoms of allodynia, depression scores, and state anxiety. Among patients with active headache disorders at the time of aneurysm treatment there were significant reductions in headache frequency, state anxiety and trait anxiety.
Exploratory analyses were performed to identify potential predictors for the absence of headache improvement following aneurysm treatment ( Table 2) . For these analyses, patients with pretreatment headaches (n ¼ 28) and the patient with new headaches following treatment (n ¼ 1) were included. The following were associated with a lack of headache improvement: (i) having migraine prior to treatment; (ii) having more severe headaches prior to treatment; (iii) stent-assisted coiling; (iv) higher pretreatment trait anxiety.
Twenty-one patients completed QST, including 16 with active headaches at the time of aneurysm treatment. Eleven patients who had headache improvement following aneurysm treatment and 6 patients without headache improvement or new headaches had QST. Pain thresholds and ASC-12 scores in each of these groups are illustrated in Table 3 . There were no significant changes in any of these parameters in our study population.
Discussion
Headache is one of the most common symptoms leading to the diagnosis of an unruptured intracranial aneurysm (2) . According to the ICHD-II criteria, headache attributed to unruptured saccular aneurysm requires the presence of a new acute headache (including thunderclap headache) and/or painful third nerve palsy, evidence of causation by the unruptured aneurysm, and resolution of headache within 72 hours (10). When patients present in this fashion, there is a high suspicion for a direct relationship between the presenting symptoms and the unruptured aneurysm. However, when a patient presents with recurrent headaches with characteristics of migraine or tension-type headache, the relationship between these recurrent headaches and the unruptured aneurysm is usually unclear. Nonetheless, patients often presume a direct relationship and thus expect headache improvement following aneurysm treatment. Although some patients do improve, others will have worsening of headaches, new headaches, or no change in pretreatment headache patterns. Determining the typical headache course following aneurysm treatment and identifying predictors of headache outcomes will allow clinicians to give their patients realistic expectations. Furthermore, identification of modifiable risk factors for headache outcomes might allow for small modifications in treatment procedures that could increase the likelihood for favorable headache outcomes.
This prospective analysis demonstrates that the majority of patients with pretreatment headaches have headache improvement (reduced headache frequency) following aneurysm intervention. In this study, 68% of patients with active pretreatment headaches had substantial improvement following aneurysm treatment, 21% had no change in their headache frequency, and 11% had a substantial increase in headache frequency. Only one patient transformed from inactive headaches to an active headache pattern following aneurysm treatment. These results are limited by our sample size and the potential for recall bias related to completion of MIDAS questionnaires. The explanation for headache improvement following aneurysm treatment is not clear. Although speculative at best, it is possible that in some patients headaches have a direct relationship to presence of an unruptured intracranial aneurysm. This association may seem relatively clear in the patient presenting with a thunderclap headache (often called 'sentinel headache' or 'warning headache' when an unruptured aneurysm is found) or painful third nerve palsy in whom an unruptured aneurysm is identified. The intracranial arteries, especially the proximal portions of the major vessels, are innervated by sensory nerves that could potentially be activated by aberrant blood flow and/or structural changes of the vessel wall (12) (13) (14) (15) . However, caution must be exercised when considering a causal relationship between unruptured aneurysms and recurrent headaches that resemble primary headache disorders. There are numerous other factors, such as anxiety and depression about harboring an unruptured aneurysm and the pending aneurysm treatment, which may transiently increase headache frequency after aneurysm diagnosis but prior to treatment. Patient expectations for headache improvement following aneurysm treatment could also contribute to improvements via a placebo effect. Furthermore, medications used at the time of treatment could have positive effects on headache patterns. Although changes Table 3 . Pain thresholds and allodynia symptoms. Among patients who had quantitative sensory testing (QST), there were no significant changes in allodynia symptoms (ASC-12) or heat, cold or pressure pain thresholds following aneurysm treatment Patients with QST (n ¼ 21) in daily medications following aneurysm treatment could have had some effect on headache patterns in our patient population, we believe that this effect was minimal. Antihypertensive and antiplatelet medications were used commonly in our population. Prior to aneurysm treatment, 28 patients took daily antihypertensives and 35 used antiplatelets. The antihypertensive regimen was changed in 12 of our patients during their study involvement. This included 7 patients who had new antihypertensives started or had their dosage increased. Four of these patients had active headaches prior to aneurysm treatment. Three of these four patients had headache improvement (benazepril dosage increased in 1 patient; metoprolol stopped and lisinopril added in another patient; lisinopril added in the third patient) while one of these patients had headache worsening (metoprolol added). Twenty-four patients took clopidogrel surrounding the time of aneurysm treatment, typically for a duration ranging from 2 weeks to 2 months. Since the last follow-up occurred well after discontinuation of clopidogrel in the majority of our subjects, we anticipate that periprocedural use of clopidogrel had minimal effects on our study results. Although this study placed no restrictions on the use of headache prophylactic therapy, only one patient was started on a prophylactic medication (topiramate) other than an antihypertensive during the time of follow-up. This patient had no change in her headache frequency during study participation. We anticipated a higher rate of worsening and new headaches following aneurysm treatment, likely due to a biased view that developed while working in a specialty headache center. Nonetheless, this relatively low incidence of new and worsening headaches following aneurysm treatment should not deter from considering this a significant problem. Our experience suggests that patients with new and worsening headaches after aneurysm treatment frequently suffer with severe chronic pain that is often only partially responsive to conventional therapies. Univariate exploratory analyses identified several possible predictors for absence of headache improvement following aneurysm treatment. Factors associated with a lack of headache improvement included having pretreatment migraine, having more severe pretreatment headaches, having higher pretreatment trait anxiety, and stent-assisted coiling of the aneurysm. These associations should be further assessed in future studies which are powered for multivariate analyses. We anticipate that some of these potential predictors are not independent. For example, having more severe pretreatment headaches may be a marker for having migraine.
Stent-assisted coiling was associated with a lack of headache improvement following aneurysm treatment.
Stent-assisted coiling is typically employed to treat wide neck and fusiform aneurysms (16) . Stent-assisted coiling is associated with a decreased frequency of angiographic recurrence but with the cost of increased morbidity and mortality (16) . Stent-assisted coiling could be associated with poorer headache outcomes via numerous possible mechanisms to include underlying differences in aneurysm characteristics, activation of vascular sensory afferents by the stent, and remodeling of the aneurysm neck and parent vessel (17) .
Among patients with headaches, QST did not reveal any significant changes in pain thresholds after aneurysm treatment. However, there were non-significant increases in pain thresholds to heat, cold and pressure in patients with headache improvement following aneurysm treatment. A similar pattern was not seen in our small group of patients in whom headaches did not improve. Thus, future studies will continue to explore a potential role for sensitization in headaches related to aneurysms and their treatment.
To our knowledge, this study is the first prospective analysis of headache patterns following treatment of unruptured intracranial aneurysms. Two retrospective studies both found that the majority of patients with pretreatment headaches improved following aneurysm treatment (3, 4) . Qureshi and colleagues received questionnaire responses from 47 patients who had undergone endovascular treatment of an unruptured intracranial aneurysm during a 9.5-year period (3). Thirty-two reported the presence of headaches prior to treatment, 19 of whom reported headache improvement following treatment. Two patients had worsening headaches and 5 patients without pretreatment headaches reported onset of new headaches following aneurysm treatment. Kong and colleagues retrospectively analyzed 81 patients who had undergone surgical clipping or endovascular treatment of unruptured intracranial aneurysms over a 5-year period (4). Forty-nine had recurrent headaches prior to aneurysm treatment. Following treatment, 44/49 had headache improvement, 4 had no change, and 1 patient had headache worsening. Although investigators aimed to identify predictors of headache outcomes, none were found. Possible predictors investigated included aneurysm clipping vs. coiling, age, gender, aneurysm size, aneurysm location, associated symptoms, and hypertension history. Our prospective study demonstrating headache improvement following aneurysm treatment is in agreement with these two retrospective studies. Furthermore, we have identified factors associated with a lack of headache improvement, factors that may help physicians and their patients predict headache outcomes following aneurysm treatment.
In conclusion, in this study approximately 2/3 of patients with pretreatment headaches had substantial reductions in headache frequency following treatment of unruptured aneurysms. Less than 10% of all treated patients (those with and without pretreatment headaches) had worsening or new headaches following aneurysm treatment. Based on available data to date, patients with headaches and planned treatments for unruptured intracranial aneurysms can be informed that the majority of patients have at least short-term (up to 6 months) reductions in headache frequency following treatment and that about 10% have worsening or new headaches. Possible predictors for the absence of headache improvement include having migraine, having more severe headaches prior to treatment, having higher trait anxiety, and stent-assisted coiling. These potential risk factors need to be further explored in follow-up studies.
